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I.  SUMMARY  OF  ACHIEVEMENTS 


This  technical  report  presents  the  work  performed  during  the  time  span  of  20 1 3-20 1 7  of 

ONR  NOOOI 4-1 3-1  -041 5  contract.  The  achievements  can  be  listed  as  follows: 

a)  Narrow-wall  longitudinal  slotted  waveguide  antenna  design  for  FIRM 

applications 

i)  A  high-gain,  S  band  narrow-wall,  longitudinal-slot  array  waveguide 
antenna  design  was  proposed.  The  proposed  antenna  model  was  fabricated 
and  tested  at  the  University  of  New'  Mexico.  Further  research  on  a  double 
array  design,  a  curved  antenna  design,  and  a  circularly  polarized  antenna 
design  was  performed  through  HFSS  simulations. 

ii)  The  University  of  New  Mexico  has  collaborated  with  NSWC  Dahlgren  on 
fabricating  and  testing  an  S-band,  narrow-wall,  longitudinal-slot  array 
waveguide  antenna.  Its  high  power  handling  capability  has  been  tested. 

iii)  The  University  of  New  Mexico  has  also  collaborated  with  the  Air  Force 
Research  Laboratory  in  Albuquerque,  NM  on  testing  the  high  power 
capabilities  of  the  S-band  narrow-wall  longitudinal -slot  array  waveguide 
antenna.  A  paper  was  submitted  to  the  APS/URSI  2017  reporting  the 
experiments  performed  both  at  the  University  of  New  Mexico  and  at  the 
Air  Force  Research  Laboratory  in  Albuquerque. 

iv)  The  power  handling  capability  estimation  for  slotted  waveguide  antenna 
was  performed,  through  ANSYS  HFSS  and  CST  Particle-in-ce!l  solver.  A 
paper  was  submitted  to  the  journal  of  IEEE  Antennas  and  Wireless 
Propagation  Letters. 

b)  Miniaturization  of  narrow-wall  slotted  waveguide  antenna  designs 

i)  A  periodic  structure  using  split-ring- resonators  was  applied  to  the 
narrow-wall  slotted  waveguide  antenna  for  size  miniaturization  in  either 
transverse  cross  section  or  longitudinal  length  of  the  waveguide.  A  paper 
was  submitted  to  and  presented  at  2014  USNC-URSL  National  Radio 
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Science  meeting.  A  new  double  narrow-wall  longitudinal-slot  array  design 
was  proposed  to  reduce  the  side-lobe  level,  A  paper  was  submitted  to  and 
presented  at  the  APS/URSI  2014  conference, 
ii)  A  narrow-wall,  complementary-split-ring  slotted  waveguide  antenna 
design  was  proposed  for  antenna  size  reduction.  This  was  the  first  time  that 
such  a  slot  structure  was  used  as  a  radiating  element  in  slotted  array 
waveguide  antennas.  The  proposed  narrow- wral  I  complementary -split  ring 
slots  provide  similar  radiation  characteristics,  Le+  efficiency,  gain, 
polarization  etc.,  as  the  conventional,  half-wavelength  longitudinal  slots, 
while  reducing  the  slot  dimension  to  0.2292.  An  antenna  prototype  was 
fabricated  and  tested  at  the  University  of  New  Mexico.  A  paper  was 
submitted  to  and  presented  at  the  APS/URSI  2015.  Additionally,  a  journal 
paper  was  submitted  to  the  IEEE  Transactions  on  Antennas  and 
Propagation  in  2017. 

c)  30  printing  technology  for  fast  prototy  ping  of  complex,  light  weigh  HPM 
antenna  structures 

i)  3D  printing  technology  has  been  applied  to  the  fabrication  of  the 
narrow- wall  complementary-split -ring  slotted  waveguide  antenna  design, 
due  to  the  complexity  of  its  design,  and  precision  required  of  the  fabrication 
of  the  CSR-slots.  A  couple  of  antenna  prototypes  w'ere  built  at  UNM  and 
tested.  The  3D  printed  antenna  models  were  cither  spray  painted  with 
conductive  paint  or  electro-plated.  A  paper  w'as  submitted  and  presented 
at  the  APS/URSI  2016. 


XU  INTRODUCTION 


L  High-power  microwave  ante  mas 

Recently,  high  power  microwave  (HPM)  structure  technology  has  seen  major 
developments  in  size  reduction  as  well  as  increase  in  efficiency  [1].  Electronics  have 
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been  proven  to  be  vulnerable  to  various  high  power  generated  waveforms  (2-5  j.  Key 
devices  to  develop  11  PM  systems  are  high  power  microwave  antennas.  1 1  PM  antennas 
can  provide  very  intense  electric  field  (E-field)  covering  a  narrow  band  to 
ultra-wideband  spectrums.  Such  antennas  require  a  gain  as  high  as  possible,  side  lobes 
as  low  as  possible,  and  withstand  input  power  as  high  as  possible.  Depending  on  the 
application  and  mainly  on  the  feeding  HPM  source  (magnetrons,  backward-wave 
oscillators  (BWO),  magnetically  insulated  line  oscillators  (MILO),  Marx  generators, 
etc,),  designs  of  1 1  PM  antennas  have  been  proposed  in  the  form  of  parabolic  antennas 
1 6],  slotted  waveguide  antennas  [7],  lens  antennas  [8],  reflect  array  antennas  [9], 
radial  transmission  helix  arrays  [10],  etc. 

In  this  work,  the  design  of  an  air-filled  slotted  rectangular  waveguide  antenna  has 
been  considered  for  its  ruggedness  and  high-power  handling  capability.  This  type  of 
antenna  provides  high  directivity,  low  return  loss  as  well  as  mechanical  structural 
strength.  The  need  to  miniaturize  the  antenna  size  to  fit  the  platform  also  leads  us  to 
the  design  of  slotted  waveguide  antennas  due  to  their  compact  structure, 

2 ,  Miniaturization  of  the  slotted  waveguide  antenna  designs 

This  type  of  half-wavelength  slotted  waveguide  antennas  tend  to  be  bulky  and  heavy 
due  to  its  all  metallic  structure.  Ike  reduction  of  the  array  size  without  losing  its 
radiation  performance  is  limited  by  the  size  of  the  half-wave  length  longitudinal  slots. 
Recently,  single  split-ring  resonators  have  been  placed  underneath  longitudinal  slots 
to  reduce  slots  size  while  maintaining  a  similar  gain  and  efficiency  [11-12],  The 
split-ring  resonators  must  be  designed  to  match  the  desired  resonant  frequency,  as 
well  as  be  precisely  placed  underneath  the  slot,  to  increase  the  field  intensity.  Thus, 
the  complexity  of  manufacturing  increases  significantly.  Also,  the  reduction  in  size  is 
limited  to  0.2 5  A0  without  a  loss  of  radiation  performance. 

To  further  reduce  the  size  of  the  slot  dimensions  and  to  overcome  the  associated 
manufacturing  complexities,  an  alternative  approach  is  required.  A  split-ring  slot  cut 
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in  the  broad-wall  of  a  rectangular  waveguide  was  proposed  and  investigated  [13-14]. 
The  outer  diameter  of  such  split  ring  slot  cuts  was  shown  to  reduce  the  individual  slot 
dimensions  from  0.5/t0  to  0.186A0,  yielding  a  more  compact  array  antenna  whit 
similar  radiation  characteristics  as  the  conventional  half-wave  length  slot  arrays. 

3 ♦  3D  printing  technology  for  high-power-m  lew  wave  applications 

Additive  manufacturing  or  3-D  printing  is  a  technology  that  enables  the  fabrication  of 
complex  objects  directly  from  a  digital  model.  Three-dimensional  printing  is  achieved 
by  laying  down  successive  layers,  each  of  slightly  different  shape.  This  technology 
has  been  evolving  quite  rapidly  in  recent  years  and  is  nowadays  seen  an  alternative  to 
traditional  manufacturing  methods.  Potential  applications  of  3-D  printing  have 
expanded  from  its  origins  in  the  fabrication  of  mechanical  objects  to  the  incorporation 
of  electrical  circuits  in  the  manufacturing  process  [15].  It  has  the  potential  to  provide  a 
number  of  benefits  to  high  power  microwave  (HPM)  systems,  including  weight 
reduction,  rapid  prototyping,  or  the  fabrication  of  extremely  complex  shapes.  An 
obvious  concern  is  that  these  benefits  may  come  at  the  cost  of  a  reduction  in 
performance  or  durability. 

Recently,  the  performance  of  two  3D  printed  anode  structures,  metallized  via 
electroplating  and  thermal  spraying,  in  a  relativistic  planar  magnetron  was  reported  in 
1 16],  It  was  shown  that  both  3D  printed  anode  structures  provide  similar  microwave 
performance  compared  to  a  machined  aluminum  anode.  Over  a  limited  set  of  shots,  no 
damage  or  degradation  was  observed.  A  slow  wave  structure  (metamaterial-like)  was 
fabricated  using  3D  printing  in  [17].  This  structure  was  tested  in  the  mega  watt  class 
and  no  breakdown,  attributable  to  the  surface  roughness,  introduced  by  additive 
manufacturing,  was  observed  in  the  experiments. 
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III.  DETAILED  RESULTS  OF  THE  PROJECT 


L  Narrow-wall  longitudinal  slotted  waveguide  antenna  design  for  HPM 
applications 


1.1  S-band  narrow-wall  longitudinal-slot  array  waveguide  antenna 

A  high-gain,  S-band  narrow- wall  longitudinal -slot  array  waveguide  antenna  design  for 
high-power  microwave  applications  was  proposed  in  [18].  The  proposed  antenna 
operates  at  3.17GHz  with  a  return  loss  of  -32dB.  Measurement  results  show  that  the 
antenna  provides  a  fan-beam  radiation  pattern,  as  predicted  by  HFSS  simulations. 
Figure  l  shows  the  S-band,  narrow- wall  longitudinal -slot  array  waveguide  antenna 
model  along  with  the  X  band  antenna  model.  Figure  2  presents  simulated  and  measured 
return  loss  results  of  the  S-band  narrow- wall  longitudinal-slot  array. 


Figure  1,  S-band  &  X-band  narrow-wall  longitudinal  slot  array  waveguide  antenna 


Frequency 

Figure  2.  Simulated  and  measured  S  parameter 
Figure  3  shows  the  radiation  pattern  measurement  set-up  and  Figure  4  depicts  the 
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simulated  and  measured  radiation  pattern  of  the  S-band  narrow-wall  longitudinal-slot 
array  design.  Table  1  shows  predictions  of  the  power  handling  capability  for  the  S-band 
narrow- wall  longitudinal-slot  array  design  in  different  air  pressure  cases. 


Figure  3.  Radiation  Pattern  Set-up 


Theta 

a)  H- plane 


Phi  (degree) 


b)  E-plane 

Figure  4.  Normal  ized  radiation  pattern  of  narrow-wall  longitudinal-slot  array 
waveguide  antenna:  a)  1 1-plane,  b)  E-plane, 
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Tabic  I  Maximum  input  power  for  narrow-wall  longitudinal -slot  array  design  in  HFSS 

simulation 


SB  A  LEVEL 

ALBUQUERQUE 

Maximum  Input  Power 

2.5  MW 

1.8MW 

Figures  5  and  6  show  further  research  conducted  based  on  the  S-band  narrow-wall 
longitudinal -slot  array  design.  The  double-array  design  presents  a  low  side- lobe  level, 
whereas  the  circularly  polarized  antenna  presents  circular  polarization  within  the  range 
of  the  main  beam. 


a)  Schematic  of  the  double-array 
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b)  H-plane  radiation  pattern 

Figure  5.  Schematic  and  H-plane  radiation  pattern  of  double-array  design 
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a)  Schematic  of  the  circular-polarized-array  design 


Phi(degre) 


b)  Axial  ratio  of  the  circular-polarized-array  design  in  the  H -plane 
Figure  6.  Schematic  and  axial  ratio  of  circular ly-polarized-array  design 

1,2  Collaboration  with  NSWC  Da  hi  grin 

The  University  of  New  Mexico  researchers  have  collaborated  with  researchers  at 
NSWC  Dahigren,  on  the  fabrication  and  testing  of  an  S-band  narrow-wall 
longitudinal -slot  array  waveguide  antenna  design  based  on  a  standard  WR340 
waveguide.  All  slots  on  the  narrow- wall  of  rectangular  waveguide  were  filled  with 
Teflon  for  better  high  power  handling.  Experimental  results  showed  good  agreement 
with  the  simulation.  Figure  7  shows  the  measured  return  loss  with  the  input  of  700 
MW.  A  return  loss  of -24.4419  dB  at  the  resonance  frequency  of  2.86GHz  agrees  with 
the  simulated  results* 


Figures  8  and  9  depict  the  radiation  patterns  of  the  S-band  narrow -wall 
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longitudinal-slot  array  waveguide  antenna.  The  results  show  good  agreement  between 
simulation  and  measurements. 
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Figure  7.  Measured  return  loss  of  tlie  S-band  narrow-wall  longitudinal-slot  array 

waveguide  antenna 


Figure  8,  Simulated  and  measured  H-plane  radiation  pattern  of  the  S-band  narrow-wall 
longitudinal-slot  array  waveguide  antenna 
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Figure  9,  Simulated  and  measured  E-plane  radiation  pattern  of  the  S-band  narrow-wall 
longitudinal-slot  array  waveguide  antenna 


13  Collaboration  with  Air  Force  Research  Laboratory 

The  University  of  New  Mexico  researchers  have  also  collaborated  with  the  Air  Force 
Research  Laboratory  (AFRL),  on  testing  the  S-band  narrow-wall  longitudinal-slot 
array  waveguide  antenna  prototype  fabricated  by  the  Uni  versity  of  New  Mexico.  The 
hot  test  setup  for  this  antenna  is  shown  in  the  block  diagram  of  Figure  10  as  well  as  in 
the  photographs  of  Figures  II  and  I2+ 


Forward  Power  Measured 


Anechoic  Chamber  wall 


Figure  !  0,  Block  diagram  of  hot  test  setup 
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Figure  ]  1.  High  power  microwave  source:  S-Barul  Magnetron 


Figure  12.  Radiation  pattern  measurement  setup  inside  ancchoie  chamber 


The  S-Band  magnetron  was  located  outside  of  an  anechoic  chamber  as  shown  in 
Figures  10  and  1 1.  The  source  power  was  fed  through  a  patch  panel  in  the  chamber 
wall  via  an  S-Band  waveguide,  then  connected  directly  to  the  antenna  inside  the 
chamber.  The  magnetron  used  in  these  tests  is  tunable  in  frequency  over  a  limited  range. 
The  actual  frequency  for  these  measurements  was  fixed  at  3.0  GHz.  The  magnetron 
output  power  was  variable  from  about  200k  W  up  to  just  over  1  MW.  The  pulse  duration 
was  500ns.  Single  pulse  field  measurements  were  made  using  a  DDot  sensor  at  a 
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distance  of  2  m  from  the  antenna,  in  5  degree  increments  along  an  arc  in  the  H-plane  as 
shown  in  the  photograph  of  figure  13. 


D-dot  sensor  location 

% 


Figure  13.  Diagram  of  H-plane  radiation  pattern  measurements 


Table  11  Measured  gain  of  the  antenna  within  the  main  beam 


Position 

(degree) 

Forward  power 
(W) 

Coupler  power 
(W) 

Gain  <dB) 

Simulated  Gain 

(dB) 

-5 

8.I4E+05 

7.8SE+05 

-1.25 

-4.52 

-10 

7.70E+05 

7.88E+05 

-4.27 

2.76 

-15 

7.60E+05 

7.80E+05 

9.71 

9.59 

-20 

8.47E+05 

8.13E+05 

9.91 

12.49 

-25 

7.70E+05 

7.88E+05 

8.91 

10.88 

-30 

7.70E+05 

7.88E+05 

-1.59 

4.76 

Table  II  presents  the  measured  gain  of  the  antenna  within  the  main  beam.  Figure  14 
shows  the  comparison  of  the  simulated  and  measured  radiation  pattern  under  large 
signal  experiment.  Good  agreement  were  demonstrated.  With  the  input  power  as  high 
as  0.813MW,  no  air  break-down  was  observed. 
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Figure  14.  Antenna  gain  within  the  main-beam 


1-4  Power  handling  capability  estimation  for  slotted  waveguide  antennas 

Power  handling  capability  estimation  determined  by  air  break  down  (outside  the 
antenna) 

The  well-known  electrical  air  breakdown  value  of  approximately  3MV/m  [  1 9]  for  static 
fields,  at  one  atmosphere  of  air  pressure,  is  used  as  the  upper  limit  for  the  maximum 
allowable  E-field  values.  The  air  pressure  at  sea  level  is  approximately  one  atmosphere, 
i.e.  760Torr.  However,  the  antenna  was  tested  in  Albuquerque,  New  Mexico,  where 
the  air  pressure  is  approximately  equal  to  627.44  Torr  due  to  its  high  elevation.  From 
Equation  1. 


_h 

Ph  ~  Po£  » 


(i) 


where 

ph  is  the  air  pressure  at  an  elevation  of  4/r  meters  above  sea  level; 

Po  (”760  Torr)  is  the  air  pressure  at  sea  level; 

H  (=8400  meters)  is  the  approximate  scale  height  of  the  Earth's  atmosphere; 

The  electrical  air  breakdown  are  proportional  to  the  air  pressure  values,  and  can  be 
computed  through  Equation  2  [20  ]. 
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EBr(h)  =  VhXEBr(0) 


(2) 


where 

^Br(O)  (=3MV/m)  is  the  breakdown  E-field  value  for  static  fields  at  one  atmosphere 
air  pressure; 

ph  is  the  value  of  the  air  pressure  between  the  values  of  260  Torr  and  760  dorr; 

EBr{h)  is  the  breakdown  E-field  value  for  static  fields  at  an  air  pressure  of  rph\ 

The  corresponding  air  breakdown  value  in  Albuquerque  is  computed  from  Equation  2 
and  it  is  approximately  equal  to  2,48MV/m.  The  computational  software  ANSYS 
-HESS  was  used  to  monitor  the  near-field  radiation  of  the  S-band  longitudinal  slotted 
waveguide  antenna  driven  by  various  input  power  levels,  as  shown  in  Figure  15.  Note, 
the  value  of  the  maximum  E-field  in  the  center  of  first  slot  is  exactly  linear  to  the  square 
root  value  of  the  input  power.  Such  values  were  recorded  and  used  to  determine  the 
maximum  input  power;  as  shown  in  Table  FIL 


E  Field  [V/m] 

2 . 5S23E+006 
2. H101E+006 
2.  2388E+006 
2 , 0658E+00G 
i. 3937E+006 
1, 7215E+00S 
1 . 5494E+006 
1, 3772E+006 
I . 205 iE +00 6 
1.03Z9E+006 
8. 6076E+005 
6, 8B61E+005 
5.  1646E+005 
3.4431E+005 
1. 72i5E+^05 
4. 2589E-001 


Figure  15.  E  field  distribution  simulated  by  MFSS 


Table  Ill  Input  power  vs  maximum  E-field  value  by  HESS 


Input  power  (W) 

1E3 

1E6 

1.8E6 

10E6 

Ernax  (V/m) 

5.67E4 

1.89E6 

2.4E6 

5.67E6 
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For  the  S-band  longitudinal  slotted  waveguide  antenna  operating  at  3.17GHz  in 
Albuquerque,  NM?  U,S,,  an  input  power  of  approximately  1 .8MW  through  the  S-band 
feed -waveguide  would  produce  electrical  field  stronger  than  the  threshold  of 
2 A 8 MV/m,  thus  causing  air  breakdown. 

Power  handling  capability  estimation  determined  by  multipaction  (inside  the  antenna) 
Multi  paction  is  an  RF  vacuum  breakdown  mechanism,  where  an  electron 

avalanche-like  discharge  occurs  in  structures  operating  under  vacuum  conditions  and 
high-power  electromagnetic  fields  [21].  When  the  intensity  of  the  applied  field  is  such 
that  the  electrons  bombarding  the  walls  have  kinetic  energy  high  enough*  then 
secondary  electrons  may  be  released  from  the  walls.  If  this  process  sustains  itself 
causing  continuous  growth  of  the  electron  population  inside  the  device  then  we  get  the 
rnultipaction  effect. 

The  electron  population  is  expected  to  grow  until  a  steady-state  (saturation  level)  is 
reached  [22  f  Previous  numerical  simulations  presented  in  [23]  show  that  the 
saturation  level  is  within  the  range  of  1 09- 1 012  electrons  between  two  parallel  metal 
plates  separated  by  1mm,  depending  on  the  particular  characteristics  of  the  case 
(waveguide  dimensions,  SEY  (secondary  electron  yield)  properties,  RF  voltage).  In 
the  study  of  the  S-band  slotted  waveguide  antenna,  we  chose  the  saturation  level  of 
Nsai to  be  10L\  After  trying  different  levels  of  Nm«,  we  noticed  that  the  aforementioned 
value  is  the  best  one  to  fit  the  experimental  data. 

The  computational  software  CST  Particle-in-cell  Solver  w  as  used  to  analyze  the  S-band 
narrow-wall  longitudinal  slotted  waveguide  antenna.  The  material  chosen  was  copper 
(ECCS:  European  Cooperation  for  Space  Standardization).  It  follows  a  SEY  curve 
based  on  the  Furman  mode!  [24],  which  also  provides  the  energy  and  angular 
distribution  for  the  emitted  electrons,  while  the  Vaughan  model  [25],  frequently  used 
in  the  microwave  industry,  provides  only  a  SF3Y  curve. 


20 


In  a  typical  multipaclor  breakdown  analysis/estimation,  the  time  frame  of  the 
operation  is  long  enough  that  whenever  the  speed  of  tiie  growth  of  the  particles 
surpasses  exponential  growth,  the  population  of  the  particles  will  eventually  reach  the 
saturation  level.  However,  for  the  case  of  the  relatively  long  pulse  duration  in  out 
simulation/experiment,  there’s  no  guarantee  that  the  population  of  the  free  electrons 
will  reach  the  saturation  level.  This  requires  a  full  simulation  over  the  entire  operation 
time  frame  which  increases  the  complexity  of  analysis. 


To  better  predict  the  threshold  of  the  multipaction  power  level  and  to  reduce 
simulation  time,  a  classic  quick  input  power  threshold  estimation  was  performed 
within  a  simulation  duration  of  20ns.  The  result  is  shown  in  Figure  16.  First,  there’s 
no  multipaction  around  8()0kW  and  it’s  quite  clear  that  the  threshold  should  be 
somewhere  between  1.5MW  and  3MW.  Further  investigations  over  a  much  longer 
time  frame  are  needed  to  determine  the  input  power  threshold. 


Solver  Statistics  (PIQ-Partide  vs.  Tine 


- - Solver  Sta.-.(P_te5t=le+006) 

- Solver  5ta.,.(Pj;e$t=6e+DQ6) 

- Solver  Sta...(Pj:e$t=5.5e+D06) 

— —  Solver  5ta..4P_test=$e+D06) 

—  Solver  Sta..  (P_test=4.Se+0O6) 

- Solver  Sta...(P_test=4e+006) 

— —  Solver  Sta,..(P_test=3.Se+006) 

—  Solver  5ta...(Pj:est=3e+G06) 
Solver  St3.,.(P_test=2.5e+0O6) 

- - -  Solver  Sta+J.(P_test=2e+006) 

— *»5oker  Sta...  (P  jest 006) 

- - -  Solver  Sta... (Potest -800000) 

* - -*  Solver  5ta.  .(P_test=600000) 


Figure  16,  Power  threshold  estimation  by  CST 


We  choose  the  input  power  to  be  2,3 5 MW,  2. 54 MW  and  2, 75 MW,  respectively  for 
further  estimation.  Figure  17  shows  the  number  of  electrons  inside  the  antenna  as  a 
function  of  time.  The  simulation  times  are  45  minutes,  45  hours  and  85  hours, 
respectively. 
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Figure  17.  Number  of  electrons  inside  the  antenna  for  input  power  of  2.35MW, 

2.54MW  and  2.75MW 


None  of  the  cases  simulated  above  present  a  rapid  exponential  growth  of  particle 
population  beyond  a  base  of  1.07,  Table  IV  shows  the  estimated  particle  population. 


Table  IV  Population  of  electrons  under  varies  input  power 


Input  power  (mW) 

2.35 

2.54 

2.75 

N  (t=300ns) 

6E4 

3.5E7 

1  TE8  (t=250ns) 

Projected  N 

6E10 

2.6E14 

2.5E16  (t=500ns) 

When  the  antenna  is  excited  with  input  power  of  2.75MW,  the  particle  population  is 
projected  to  reach  the  saturation  level  of  1015  500ns.  And  for  input  power  up  to 
2.3 5 MW,  the  particle  population  is  far  from  reaching  the  saturation  level.  Figure 
18&19  show  the  distribution  of  the  electrons  at  T=300ns  for  an  input  power  of 
2.35MW  and  2.54MW.  Due  to  the  restriction  of  computer  hardware,  a  full  simulation 
of  500ns  is  almost  impossible.  We  predict  the  input  power  threshold  for  the  S-band 
narrow-wall  longitudinal  slotted  waveguide  antenna,  before  multipaction,  to  occur 
inside  the  antenna  around  2.54MW  input  power,  based  on  simulations  of  duration  of 
300  ns. 
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Figure  18.  Distribution  of  the  electrons  inside  the  antenna  {Pm=235MW) 


Figure  19,  Distribution  of  the  electrons  inside  the  antenna  (Pm=2.54MW) 


2.  Miniaturization  of  narrow-wall  slotted  waveguide  antenna  designs 


2,1  Periodic  structures  applied  for  antenna  miniaturization  and  beam-steering 

Split-ring-looded  waveguide: 

Periodic  structures  such  as  split-ring-resonators  have  been  applied  to  our  waveguide 
antenna  design  as  metamaterials,  exhibiting  properties  such  as  backward  travelling 
wave  in  the  waveguide,  A  reduction  in  the  cross  section  of  the  slotted- waveguide 
antenna  was  achieved  by  inserting  an  SRR  array  into  a  standard  rectangular  waveguide, 
supporting  the  antenna  operating  under  cut-off  frequency.  Figure  20  shows  the 
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schematic  of  the  H-plane-bend  radiator  loaded  with  an  SRR -array.  Figure  21  presents 
the  amplitude  and  phase  of  Sll  of  the  H -plane-bend  radiator  loaded  with  an 
SRR-array.  A  sudden  increase  in  phase  indicates  back-ward  wave  travelling  inside 
such  waveguide  structure.  Figure  22  shows  the  co-polarized  and  cross-polarized 
components  of  the  H-plane-bend  radiator  loaded  with  an  SRR-array,  which  is 
identical  to  the  original  HPR  radiator. 


Figure  20+  Schematic  of  HPR- radiator  loaded  with  an  SRR-array  (overlapping 

placement  of  rings) 


Figure  21.  SI  I  of  H-plane-bend  radiator  loaded  with  an  SRR-array 


The  results  showed  how  periodic  structures  such  as  SRR-arrays  can  be  applied  to  the 
H-plane-bend  radiator,  which  is  a  key  part  of  the  narrow-wall  longitudinal-slot  array 
design.  Approximately,  a  60%  transverse  aperture  reduction  was  achieved. 
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-'D  t  adiitiou  pattern  H- field  polanzatioti 


Figure  22.  3D  radiation  pattern  &  E- field  polarization  of  I  !PB-radialor  loaded  with 

an  SRR  array 

Extending  the  SRR-array  design  to  the  narrow-wall,  the  longitudinal-slot  side,  further 
miniaturization  can  be  achieved  while  maintaining  a  high-gain,  low  sidelobes  and  good 
return  loss.  A  non-uniform  SRR-array  was  also  investigated  to  meet  the  design  goals. 
Moreover,  other  periodic  structures  such  as  corrugations  and  stubs  on  the  broad-wall 
and  the  narrow-wall  sides  of  the  waveguide  were  considered. 

Double  narrow-wall  longitudinal-slot  array  waveguide  antenna: 

To  further  reduce  the  side  lobe  level  of  the  original  HPM  antenna  a  new  design,  based 

on  a  double  narrow -wall  longitudinal-slot  array  waveguide  antenna,  shown  in  Figure 
23,  was  studied.  A  new  feeding  network  based  on  a  composite  right-hand/left-hand 
(CRL.1 1)  waveguide  structure  was  proposed  as  well  to  achieve  beam -steering. 

The  goal  of  the  experiment  was  to  show  that  the  antenna  with  the  proposed  feeding 
network  can  achieve  beam-steering  by  mechanically  varying  the  length  of  stubs  in 
CRLI1  waveguide  structures. 
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Figure  23.  Schematic  of  double  narrow-wall  longitudinal-slot  array  waveguide  antenna 

and  its  3D  radiation  pattern 


Figure  23  also  shows  the  simulated  radiation  pattern  of  the  double  narrow-wall 
longitudinal-slot  array  waveguide  antenna.  The  proposed  design  indicates  a  peak  gain 
of  14.9  dB  with  a  side-lobe  level  of -10.7  dB. 
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Figure  24.  Configuration  of  CRLH  waveguide  structure 


Figure  24  shows  the  configuration  of  the  CRLH  waveguide  structure.  The  left-handed 
waveguide  is  composed  of  periodic  structures  as  the  pair  of  an  inductive  iris  for  shunt 
inductance  and  a  short  stub  longer  than  a  quarter  wavelength  for  series  capacitance.  The 
delay  line  of  the  right-handed  waveguide  is  achieved  by  a  capacitive  iris  for  shunt 
capacitance  and  a  short  stub,  shorter  than  a  quarter  wavelength  for  series  inductance. 
Varying  the  length  of  the  stubs  provides  different  phase  at  the  output.  The  output  of 
such  feeding  network  will  be  connected  to  the  input  of  two  input  ports  of  the  double 
narrow-wall  longitudinal-slot  array  waveguide  antenna  design,  respectively. 
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Figure  25.  Azimuth  plane  radiation  pattern  for  different  lengths  of  short  stubs  of 
left-handed/right-handed  waveguide 


Figure  25  shows  the  predicted  beam-steering  by  varying  the  length  of  the  stubs  in  the 
CRLH  waveguide  structures.  Though  the  feeding  network  lias  a  -3dB  transmission  loss, 
it  proved  to  be  an  efficient  way  to  properly  feed  the  double  narrow-wall, 
longitudinal-slot  array  waveguide  antenna,  and  perform  high  power  beam -steering* 


2.2  A  Compact  S-band  narrow-wall  complement  a  rv-snlit-ring  slotted  waveguide 

antenna 

In  this  section  a  compact  S-band  narrow-wall  complementary-split-ring  slotted 
waveguide  antenna  is  proposed  for  further  antenna  size  reduction  while  maintaining 
similar  radiation  characteristics  as  the  longitudinal  slotted  waveguide  antenna.  The 
antenna  model  was  fabricated  and  tested. 


Complementary-split-ring  slots  in  the  narrow-wall  of  o  rectangular  waveguide 


In  order  to  reduce  the  slot  size  of  conventional  half-wavelength  slotted  waveguide 
antennas,  complementary-split-rings  slots  in  the  narrow- wall  of  a  rectangular 
waveguide  was  introduced  for  the  first  time. 
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The  parameters  that  define  the  geometry  of  the  CSR  slot  arc  shown  in  Figure  26.  The 
waveguide  used  in  this  study  is  a  standard  S-band  waveguide,  WR284.  The  outer  radius 
of  the  outer  ring  is  defined  by  R ,  the  width  of  both  the  inner  and  outer  rings  is  defined 
by  w,  and  the  size  of  the  gaps  in  the  split  section  of  both  the  inner  and  outer  rings  is 
defined  by  d  or  a.  The  gap  between  the  inner  radius  of  the  outer  ring  and  the  outer 
radius  of  the  inner  ring  is  defined  by  g^sr.  The  rotation  of  the  inner  and  outer  split  ring 
around  its  center  relative  to  the  waveguide  centerline  arc  set  to  be  —90°  and  +90°, 
respectively.  These  rotation  angles  are  chosen  to  intercept  the  surface  current  on  the 
narrow- wall. 


Figure  26.  Design  parameters  of  the  CSR  slot 


The  resonant  frequency  of  the  CSR-slot  can  be  independently  controlled  by  parameters 
R,  w,  a.  The  resonant  frequency  of  the  CSR  slot  mainly  depends  on  its  circumference. 
Thus,  as  shown  in  Figure  27  for  the  S1 1,  increasing  R  while  keeping  w,  a  and  g_sr 
constant  results  in  the  reduction  of  the  resonant  frequency.  Similarly,  Figure  28  shows 
that  increasing  the  circumference  of  the  split  ring  by  reducing  a  leads  to  a  reduction  of 
the  resonant  frequency.  The  capacitance  of  the  split  ring  is  reduced  by  increasing  w 
which  consequently  increases  the  resonant  frequency  of  the  CSRR.  However,  the 
inductance  of  the  split  ring  increases  by  increasing  w  which  reduces  the  resonant 
frequency. 
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Figure  27.  SI  I  vs  R 
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Figure  28,  Sit  vs  a 
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Figure  29,  S  I  l  vs  w 

The  effective  capacitance  of  the  split  ring  is  a  factor  of  the  ratio  of  the  inner  and  outer 
radii  of  the  ring  and  this  ratio  depends  on  w  as  well  I  lowever,  the  effective  inductance 
depends  on  the  square  value  of  the  gap  width.  Therefore  fora  constant  R,  a  and  g_su 
the  resonant  frequency  of  the  split  ring  slot  can  further  be  reduced  by  increasing  w. 

In  general-  the  sensitivity  of  these  parameters  on  the  overall  properties  of  a  CSR-type 
antenna  increase  the  difficulty  of  modeling  the  CSR-slots  compared  to  the  standard 
longitudinal  slots.  In  the  case  of  longitudinal  slots,  for  a  specific  width,  there  is  a 
corresponding  length  that  produces  resonance  or  peak  power  radiated,  and  sharper 
resonances  arc  associated  with  thinner  slots,  while  in  the  case  of  CSR-slots,  ifs  the 
specific  set  of  R,  W.  a,  g_sr  contributing  to  resonance  or  peak  power  radiated. 

Microwave  network  analysis 

To  maximize  the  peak  directivity  of  the  array,  the  elements  of  the  array  are  designed  to 
radiate  equal  power  and  possess  a  constant  progressive  phase  shift  so  that  the  design 
forms  a  uniform  array.  In  order  to  minimize  the  power  reflected  into  the 
feed-waveguide,  the  power  reflected  into  individual  elements  need  to  result  in 
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w=0. 945mm 
w=O.905mm 
w=1 .085mm 
w=1  065mm 
w=1 .045mm 
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destructive  interference.  The  optimal  single-array  design  is  a  trade-off  between 
minimizing  the  reflected  power  at  the  input  of  the  array  and  designing  a  perfect  uniform 
array  for  radiation  purposes. 

Ideally,  a  matched  load  is  preferred  at  the  end  of  the  waveguide  instead  of  a  shorting  cap, 
to  reduce  the  power  reflected  to  the  feed.  An  unmatched  load  might  also  generate  a 
secondary  canted  beam  from  the  broadside  direction  due  to  the  wave  reflected  from  the 
load.  Thus,  the  HPB-radiator  is  a  perfect  tit  for  slotted  waveguide  antenna  designs  since 
it  serves  as  a  matched  load  and  a  radiating  element  at  the  same  time.  For  an  operating 
frequency  of  3. 1689GHz,  the  optimal  length  of  the  HPB-radiator  is  47.335mm  (A/2), 
while  the  width  of  the  HPB-radiator  is  the  same  as  the  width  of  the  standard  rectangular 
waveguide  WR284.  34.04mm.  The  number  of  elements  in  the  single  array  is  set  to  be 
five,  to  compare  the  design  to  the  S-band  longitudinal  slotted  waveguide  antenna 
reported  in  Section  11-1.1. 

The  idea  of  reducing  the  array  design  to  a  microwave  network  analysis  that  was 
introduced  in  [  ],  is  applied  in  this  analysis  as  well.  The  equivalent  microwave  network 
for  the  single  array  is  shown  in  Figure  3.2.  This  approach  is  based  on  the  assumption 
that  the  external  coupling  between  the  array  elements  is  negligible,  which  is  acceptable 
in  the  case  of  the  longitudinal  slot  array,  where  the  inter-element  spacing  is  ll/16Ag. 
However,  such  an  assumption  requires  further  validation  in  this  CSR-slot  study.  Due  to 
the  much  more  compact  slot  size,  the  inter-element  spacing  can  be  reduced  significantly. 
However,  this  means  much  stronger  mutual  coupling  between  the  slots,  which  needs  to 
be  considered  during  the  design  process.  Also,  the  CSR-slots  arc  resonant  structures, 
with  very  narrow  bandwidth,  and  any  interruption  {i.e.  mutual  coupling  from  other  slots) 
might  result  in  a  shift  in  resonant  frequency,  which  consequently  alters  the  S  parameters 
of  the  slots. 
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Figure  30.  Equivalent  microwave  network  of  the  slot  array 

Each  CSR-slot  is  represented  as  a  lossy  2-port  network  (slot  1  to  4)  and  the 
HPB-radiator  is  represented  as  a  lossy  I -port  network.  The  power  radiated  by  each  slot 
(including  the  HPB-radiator)  is  represented  by  the  loss  in  the  corresponding  network. 
The  power  radiated  by  slot  n  is  defi  ned  as  Prad  (n),  where  n  takes  the  integer  number  of 
1  to  5.  The  power  input  to  the  nth  lossy  network  is  defined  as  Pin(n).  The  reflection 
coefficient  of  the  nth  lossy  network  is  defined  as  Pn.  The  power  accepted  by  the  nth 
lossy  network  is  defined  as  P(oa(1(n),  and  is  represented  in. 

Prad («)  =  Pm(n)(l  “  K\2)  =  £S,=n  Pradi™)  (3) 
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As  a  perfect  uniform  array,  each  element  radiates  equal  power  (0.2Pin(n)s  in  the  case  of 
5  elements  array).  Ideally,  the  optimal  values  of  the  ratio  of  the  radiated  power  (FradO) 
through  Pmd(5))  to  the  input  power  (Pin(  1)  through  Pin( 5)  are  given  by  0.2Piri(l), 

0.25P*n(2),  ~Pin( 3),  0.5P^n(4),  P^n(5),  respectively.  Expressions  for  Pmd(l) 

through  PradC^)  and  rn,  m  Figure  30  are  obtained  in  terms  of  the  S-parameters  of  the 
array  elements,  inter- element  spacing,  and  P,n(  1)  using  standard  microwave  network 
analysis. 


rn^su+rn+1s12(  521  ) 

(4) 

Pin(n)=Pin(n+  1) 

^21 

(5) 

2m =71  Ppacl  (ttt) 

(6) 

An  important  assumption  is  made  that  if  the  array  of  CSR-sIots  and  the  array  of 
longitudinal  half-wave  length  slots  can  be  characterized  as  the  same  microwave 
network,  the  radiation  properties  of  both  arrays  should  be  similar,  if  not  identical  This 
assumption  is  based  on  the  parametric  study  of  the  CSR-slots  and  radiation 
characteristics  of  the  CSR-slots,  which  show  similar  total  efficiency,  gain  and 
polarization  as  well  as  radiation  patterns  to  the  conventional  longitudinal  slots.  This 
assumption  was  further  validated  using  numerical  full-wave  analysis. 

Based  on  this  assumption,  the  inter-element  spacing  is  set  to  be  11  /16Agt  so  that  the 
design  of  the  S-band  longitudinal  narrow  wall  slot  array  can  be  applied,  as  shown  in 
Figure  31.  Using  the  optimal  values  of  Pmd(l)  through  Pmd(5)  ,  and  the 
corresponding  S  parameters  of  each  microwave  network,  the  optimal  dimensions  for 
CSR  slot  1  to  4  were  derived  as  shown  in  Table  V. 
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Figure  3  I.  Comparison  of  the  CSR-SWA  with  the  longitudinal  slot  array  (same 

inter-element  spacing) 

Table  V  Results  from  microwave  network  analysis 


Element 

R/mm 

w /mm 

3s  r/mm 

a/° 

slot  1 

10.828 

1.029 

1 

15.0 

slot  2 

10.842 

0.955 

1 

14.9 

slot  3 

10.842 

1.029 

1 

14.9 

slot  4 

10.842 

1 

1 

14.8 

Narrow-wall  complementary-split-ring  slotted  waveguide  antenna 

An  S-band  narrow- wall  coniplementary-split-ring  slotted  waveguide  antenna  was  also 
designed  for  high-power-micro  wave  applications.  The  proposed  antenna  operates  at 
3.17GHz  with  a  return  loss  of  -30dB.  Figure  32  shows  the  schematic  of  the  S-band 
narrow-wall  complementary-split-ring  slotted  waveguide  antenna.  The  antenna  design 
uses  an  inter-element  spacing  of  0.2875^.  thanks  to  the  much  smaller  CSR-slot  size. 
However,  it’s  a  tradeoff  between  the  reflected  power,  antenna  miniaturization  and 
radiation  performance  of  the  antenna,  like  gain,  main  beam  width,  sidelobe  level,  etc. 


An  experiment  was  conducted  with  a  standard  S-band  WR-284  waveguide  as  the  teed 
guide.  The  manufacturing  of  the  complementary-split-ring  slots  on  a  metal  plate  is 
more  difficult  than  that  of  the  standard  rectangular  waveguide  of  circular  slots.  Waterjet 
cutting  wras  used  to  create  the  CSR  slots  on  an  aluminum  plate.  The  aluminum  plates 
used  have  a  thickness  of  0,125in,  thicker  than  standard  rectangular  waveguide  WR284 
walls.  Figure  33  shows  the  four  aluminum  plates  fabricated  and  the 
complementary-split-ring  slotted  waveguide  antenna.  The  final  product  was  achieved 
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by  welding  those  four  aluminum  plates  together. 


Figure  32.  Schematic  of  the  CSR-SWA 


Figure  33.  Aluminum  plates  fabricated  by  Waterjet  Cutting 

Measurements  show  that  the  antenna  provides  a  fan -beam  radiation  pattern,  as 
predicted  by  HFSS  simulations.  Figure  34  presents  simulated  and  measured  return  loss 
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results  of  the  S-band  narrow-wall  complementary-split-ring  slotted  waveguide  antenna. 
Figure  35  shows  the  comparison  of  the  S-band  narrow- wall  complementary-split-ring 
slotted  waveguide  antenna  and  the  S-band  narrow -wail  longitudinal-slot  array 
waveguide  antenna. 


Frequency  (GHz) 


Figure  34.  Simulated  and  measured  SI  1  of  the  CSR-SWA 


Figure  35.  Comparison  of  the  CSR-SWA  and  the  longitudinal  SWA 


Figure  36  shows  the  radiation  pattern  measurement  set-up  at  University  of  New  Mexico, 
and  Figure  37  depicts  the  simulated  and  measured  radiation  pattern  of  the  narrow-wall 
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complementary-split -ring  slotted  waveguide  antenna. 


Figure  36.  Radiation  pattern  measurement  set-up  for  the  CSR-SWA 


H -plane 


E-plane 


Figure  37.  Measured  &  simulated  normalized  radiation  pattern  of  the  CSR-SWA 


Complementary-split-ring  slotted  waveguide  antenna  loaded  with  periodic  air-filled 
corrugations 


Due  to  the  thick  walls  used,  a  set  of  periodic  air- ill  led  corrugations  is  added  to  the 
opposite  narrow-wall  of  the  rectangular  waveguide,  to  further  enhance  the  coupling 
between  the  wave  propagating  along  the  waveguide  and  the  much  deeper  CSR  slots. 


Figure  38  shows  the  basic  schematic  of  the  periodic  air- filled  corrugations  added  to  the 
waveguide,  which  start  at  the  input  and  end  right  before  the  HPB-radiaton  The  height, 
length  and  inter-spacing  of  the  periodic  corrugations  were  optimized  to  enhance  the 
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coupling  between  the  wave  inside  the  waveguide  and  the  CSR  slots,  which  results  in 
higher  peak  antenna  gain. 

Figures  39  and  40  show  the  simulated  radiation  patterns  of  the  narrow-wall  CSR-SWAs 
loaded  with  periodic  air-filled  corrugations,  compared  to  the  narrow- wall  CSR-SWAs 
without  corrugations. 

It  is  apparent  that  the  complementary-split-ring  slotted  waveguide  antenna  has  the 
advantage  of  being  more  compact  compared  to  the  conventional  ha  If- wave  length 
longitudinal  slot  array  and  has  better  radiation  performance  (i.e,  higher  gain,  narrower 
beam  width)  compared  to  the  conventional  quarter- wavelength  longitudinal  slot  array. 


Figure  38.  Periodic  corrugations  added  to  the  other  narrow-wall  of  the  CSR-SWA 
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Figure  39,  H  plane  radiation  pattern  of  the  CSR-SWA  and  the  CSR-SWA  loaded  with 

corrugations 


Phi  (degree) 


Figure  40.  E  plane  radiation  pattern  of  the  CSR-SWA  and  the  CSR-SWA  loaded  with 

corrugations 


Complementarysplit’ring  slotted  waveguide  antenna  array 

An  array  of  two  CSR-SWAs  attached  to  each  other  is  shown  in  Figure  41.  This 
configuration  can  suppress  the  grating  lobe  level  of  the  longitudinal  slotted  waveguide 
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antenna.  The  array  consists  of  two  CSR-SWAs  placed  next  to  each  other.  The  CSR 
slots  arc  placed  so  that  the  apertures  alternate  from  one  side  of  the  attached  broadwall  to 
the  other.  The  two  CSR-SWAs  are  fed  with  equal  power  and  a  phase  difference  of  6.5°. 

Figure  42  and  43  show  the  gain  radiation  pattern  of  the  array  compared  to  the  single 
longitudinal  slotted  waveguide  antenna.  The  array  clearly  provides  a  narrower  main 
beam  and  lower  side-lobe  level.  The  peak  gain  of  the  array  is  1 1 ,75dB,  very  close  to  the 
peak  gain  of  the  single  longitudinal  slotted  waveguide  antenna  ( 1 2.4dB), 

The  CSR-SWA  array  provides  a  higher  gain  than  the  single  CSR-SWA  and  reduces  the 
grating  lob  level  which  is  significantly  higher  in  the  case  of  the  single  CSR-SWA  than 
in  the  case  of  the  longitudinal  SWA,  Figures  44  and  45  show  the  normalized  radiation 
pattern  of  the  array  compared  to  the  single  CSR-SWA, 


Figure  41 .  Schematic  of  the  CSR-SWA  double  array 
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Figure  42,  E-plane  radiation  pattern  of  the  CSR-SWA  double  array  and  the  longitudinal 

slotted  waveguide  antenna 


Figure  43,  H-plane  radiation  pattern  of  the  CSR-SWA  double  array  and  the  longitudinal 

slotted  waveguide  antenna 
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Figure  44,  Normalized  E-plane  radiation  pattern  of  the  CSR-SWA  double  array  and  the 

single  CSR-SWA 
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Figure  45.  Normalized  E  I-plane  radiation  pattern  of  the  CSR-SWA  double  array  and  the 

single  CSR-SWA 

The  conclusion  in  this  section  is  that  for  a  similar  antenna  dimension,  the  design  of 
slotted  waveguide  antennas  using  CSR  slots  provides  better  radiation  patterns  than  the 
standard  rectangular  slot  arrays  while  maintaining  a  similar  peak  gain . 
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3,  3!)  printed  HPM  antennas 


3D  printed  HPM  antennas  on  ASS 

Printing  [he  complementary-split-ring  slotted  waveguide  antenna  on  ARS  plastic  was 
implemented  next.  The  idea  of  fabricating  complex  antennas  using  plastic  and  then 
coating  them  with  a  conductive  material  benefits  from  today's  high  manufacturing 
precision  and  low  cost  of  3D  printing  technology  and  its  lightweight.  The  much 
reduced  dimension  of  the  CSR-SWA  compared  to  the  longitudinal  slotted  waveguide 
antenna  makes  the  antenna  model  fits  in  most  commercial  3D  printers.  Figure  46  shows 
one  of  the  antennas  fabricated  using  a  3D  printer. 

The  antenna  in  Figure  47  was  printed  using  a  u PRINT  SE  3D  printer,  which  can  print 
ARS  plus  with  an  accuracy  of  100  microns.  The  total  time  required  to  print  the 
complementary-split-ring  slotted  waveguide  antenna  was  approximately  14  hours. 


Figure  46.  3D  printed  CSR-SWA  and  aluminum  CSR-SWA  (on  the  right).  Antenna  one 

the  left  is  the  metallic  version 
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Figure  47.  A  3D  printed  CSR-SWA  applied  with  MO  chemical  843  conductive  coating 

The  MG  chemical  843  conductive  coaling  was  applied  to  the  3D  printed  CSR-SWA 
before  testing.  The  MG  chemical  843  is  a  high  conductivity  coating  designed  to 
reduce  electromagnetic  or  radio  frequency  interference  (EMi/RFI).  According  to  its 
manufacturer,  it  provides  a  low  surface  resistivity  of  0.21  S/square  (1.0  mil),  which  is 
equal  to  a  bulk  conductivity  of  1 .87*  1 05  S/m. 

Since  the  metallic  spray  is  manually  applied,  control  of  the  metallization  thickness 
uniformity  and  surface  roughness  becomes  very  critical.  As  expected,  a  higher  surface 
resistance  degrades  the  gain  of  the  CSR-SWA. 

Figure  48  shows  the  schematic  of  the  antenna  that  was  metallized.  An  average 
thickness  of  0.3mm  of  the  conductive  spray  coating  was  applied  to  the  wall,  which  is 
much  greater  than  0.0065mm,  the  skin  depth  of  the  MG  chemical  843  conductive 
coating  at  the  operating  frequency,  3.17GHz.  The  3D  printed  CSR-SWA  with 
conductive  coating  was  modeled  in  HFSS,  as  shown  in  Figure  48. 
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Figure  48.  Schematic  of  3D  printed  CSR-SWA  with  conductive  coatings 


Frequency  (GHz) 

Figure  49.  SU  values  of  3D  printed  CSR-SWA  with  MG  chemical  843 

A  modified  model  was  3D  printed  and  metallically  sprayed.  The  measured  and 
simulated  Sll  values  arc  shown  in  Figure  49.  Figures  50  and  51  present  the 
comparison  of  the  radiation  patterns  of  the  3D  printed,  modified  CSR-SWA  with 
conductive  coating  and  the  metal  CSR-SWA,  Despite  the  manually  applied  conductive 
spray,  the  ABS  plastic  CSR-SWA  coated  with  metallic  paint  showed  similar  radiation 
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characteristics  compared  to  the  metal  CSR-SWA. 
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Figure  50.  H-plane  radiation  pattern  of  3D  printed  modified  CSR-SWA  with  conductive 

coating 


Figure  5 1 .  E-p!ane  radiation  pattern  of  3D  printed  modified  CSR-SWA  with  conductive 

coating 


Overall,  the  radiation  patterns  of  the  3D  printed  array  are  close  to  the  ones  obtained 
from  the  equivalent  metallic  array . 


3D  printed  HPM  antennas  on  Bluestone  (SLA  printing) 

Electroplating  was  applied  next  to  improve  the  performance  of  the  3D  printed  plastic 
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antenna.  The  antenna  was  plated  commercially  with  a  minimum  of  5.08  microns  of 
copper  everywhere  on  the  surface  of  the  anten  na.  At  5  GHz,  that's  4.37  skin  depths  of 
copper,  adequate  for  the  metal  plated  structure  to  function  essentially  the  same  as  a 
solid  copper  structure.  This  plating  process  has  significant  flexibility  to  meet  RF 
performance  requirements.  Meanwhile,  the  plastic  structure  is  relatively  inexpensive, 
and  significantly  lighter  than  a  solid  metal  structure. 

Our  3D  printed  antennas  were  washed  in  fresh  alcohol  and  cured  with  UV  light.  The 
ceramic  filled  stereo  lithography  (SLA)  resin  chosen  for  its  stability  and  stiffness  is 
very  opaque  to  UV  light,  so  it  is  difficult  to  post  cure  the  resin  with  a  UV  light  oven. 
These  resins  do  thermally  cure  at  elevated  temperature  or  in  longer  time  at  room 
temperature.  Parts  that  are  properly  cleaned  and  cured  will  result  in  more  uniform 
deposition  of  nickel  and  subsequent  copper  overall  surfaces. 


Figure  52.  SLA  printed  CSR-SWA  plated  with  copper 


The  antenna  presented  in  Figure  52  were  3D  printed,  using  SUA  3D  printing  on  a 
special  resin,  Bluestone,  followed  by  thorough  cleaning  and  curing  performed  by 
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RepliForm  Inc. 


Usually  metal  plating  thickness  is  thin  enough  to  be  disregarded  mechanically  i.e.  the 
additional  thickness  does  not  affect  design  parameters  enough  to  be  considered. 
However,  in  the  design  of  a  CSR-SWA,  the  RF  performance  of  the  split-ring  slots  are 
sensible  to  any  dimension  changes.  This  antenna  has  not  been  tested  for  high  power 
applications  but  simulations  have  shown  that  it  should  perform  well.  This  exact  value 
of  the  power  handing  capability  of  3D  printed  antennas  is  a  topic  of  future  research 
endeavors. 
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IV.  CONCLUSIONS 


The  design  of  a  compact  S-band  narrow  wall  complementary-split-ring  slotted 
waveguide  antenna  loaded  with  periodic  air-filled  corrugations  was  presented  and 
discussed.  The  antenna  is  to  be  approximately  vertically  front  mounted  on  a  land 
vehicle.  The  design  process  of  the  antenna  is  a  combination  of  microwave  network 
analysis  and  full- wave  analysis.  A  set  of  periodic  air- filled  corrugations  was  added 
to  the  other  narrow-wall  of  a  rectangular  waveguide  to  improve  the  overall  gain.  The 
SWA  showed  similar  radiation  characteristics  compared  to  the  conventional 
rectangular  slot  arrays.  The  proposed  CSR-SWA  provided  higher  peak  gain  than  the 
conventional  lambda/4  rectangular  slot  array  and  a  more  compact  size  (55%  size 
reduction)  compared  to  the  lambda/2  rectangular  slot  array.  Both  the  theoretic  and 
measured  results  suggest  a  return  loss  less  than  -30dB  which  makes  the  antenna 
suitable  for  high  power  microwave  applications. 

Further  measurements  demonstrated  the  power  handling  capability  of  an  S-band 
narrow-wall  longitudinal  slot  antenna.  Good  agreement  between  measured  and 
simulated  gain  was  reached.  It  was  shown  under  high  power  testing  that  the  peak  gain 
of  the  antenna  was  at  least  It)  dB.  Multipactor  analysis  was  applied  in  the  slotted 
waveguide  antenna  designs  for  high-power-microwave  applications.  Based  on 
experimental  and  simulation  results,  it  is  expeeted  that  this  narrow-wall  slotted 
waveguide  antenna  can  produce  an  effective  radiated  power  close  to  20  MW, 

Finally,  a  new  approach  to  prototyping  CSR-SWA  antennas  for  high-power  microwave 
applications  by  using  3D  printing  technology  was  developed  and  discussed.  3D  printed 
CSR-SWAs  on  ABS  plastic  material  yield  lightweight  antennas  with  high 
manufacturing  precision  compared  to  standard  metallic  ones.  Measured  results  show 
that  both  the  3D  printed  and  metal  CSR-SWA  have  similar  radiation  characteristics. 
Simulation  results  of  the  3D  printed  antenna  suggests  good  power  handling  capability. 
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It  shows  that  3D  printing  is  capable  of  providing  manufacturing  precision  for 
CSR-SWAs  that  makes  fast  prototyping  ofCSR-SWAs  for  IIPM  applications  possible 
and  cost-effective. 
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APPENDIX  I 


Slotted  circular  cylinder  resonators 

Slotted  circular  cylinder  resonators  (SCCRs)  are  two  dimensional  analogs  of  split  ring 
resonators  (SRRs),  and,  for  an  incident  electromagnetic  wave  with  the  magnetic  Held 
parallel  to  the  cylinder  axis,  they  can  provide  negative  values  of  magnetic  permeability 
near  the  magnetic  resonance  frequency  as  well.  As  a  result,  SCCR  structures  may  serve 
as  an  alternative  type  of  metamaterials. 

It  is  known  that  the  artificial  magnetism  in  magnetic  resonator  structures  like  SRRs  and 
SCCRs  is  a  local  effect  due  to  the  internal  resonance,  instead  of  arising  from  the 
interference  between  fields  radiated  by  scatterers.  As  a  result,  we  can  focus  on  the 
magnetic  resonance  frequency  of  ar.  individual  SCCR,  instead  of  that  of  the 
periodic  SCCR  structures. 

The  resonance  behavior  of  a  SCCR  is  characterized  by  the  radar  cross  sections  (RCSs) 
with  an  incident  plane  wave,  whereas  the  artificial  magnetism  is  identified  by  its 
frequency  dependence  of  the  magnetic  permeability.  It  is  shown  that,  near  the 
resonance  of  a  SCCR,  the  frequency  dependence  of  the  magnetic  polarizability  is 
similar  to  that  in  the  SRR,  corresponding  to  a  magnetic  resonance.  As  a  result,  the 
magnetic  resonance  manifests  itself  by  a  peak  of  the  RCS  as  a  function  of  the  incident 
frequency.  So,  we  can  concentrate  on  the  calculation  of  the  RCSs  as  a  function  of  the 
incident  frequency. 
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Figure  53.  Geometry  of  SCCR  structure  with  nonzero  thickness 

The  geometry  of  the  SCCR  structure  is  shown  in  Figure  53.  The  inner  radius  of  the 
slotted  cylinder  she  1 1  is  rls  and  the  outer  radius  is  r2.  The  extend  of  the  perfect  metal  of 
the  slotted  cylinder  is  taken  between  (p0  <  \cp  —  fl\  <  n.  The  angular  width  of  the  slot 
is  (p0  and  the  angle  between  the  center  of  the  slit  and  x  axis  is  /?. 

The  SCCR  structure  is  illuminated  by  the  TE-polarized  plane  wave  w  ith  the  magnetic 
field  along  the  axis  of  the  cylinder.  The  magnetic  field  Hz  in  region  I  (r  <  rx),  with 
permittivity  and  permeability /r1;  is  expanded  as  follows: 

=  ZE=-cp  Wm  (1-1) 

Where  Jm(x )  is  the  Bessel  function  of  order  m,  kx  =  k^Je with  k  =  a)/c  the 
incident  wave  number 
In  region  II,  we  have: 

Hi1  =  Y,m=o[DmJvm(.k2r)  +  HmYVm(k2r)]  cos[vm(<p  -  $„)]  (1-2) 

Where  ^{VHsthe  /tth-order  Neumann  function,  (p0  —  /?  —  <p0/2 ,  vm  =  rrm/(pQ ,  and 
k2  =  k^€2ii2  with  permittivity  e2  and  permeability  fi2  in  the  slot.  Equation  1-2 
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guarantees  that  Er  vanishes  at  the  wall  of  the  slot.  Finally,  in  the  outer  space,  region  III, 
with  permittivity  e0  and  permeability  ^0,  Hz  is  the  sum  of  the  incident  and  scattered 
fields. 


Hm  _  Hinc  +  Hsc 

Hlnc  =  (1-4) 

mc  =  ££=-<*  amH^\kr)e^  (1-5) 

Wliere  H^(x)  is  the  hth-order  Hankel  function  of  the  first  kind,  pm  and  are  the 
expansion  coefficients  for  the  incident  Held  and  the  scattered  field,  respectively. 

Following  the  method  of  Serebryannikov  and  Nosich.  from  the  continuity  of  Hz  and 
E(p  in  the  aperture  and  the  vanishing  of  Ev  inside  the  metal,  the  electrical  field  is  cast 
in  the  following  form: 


Ep(rlt  <p)  =  E"  (r1(  <p)  =  Ci0i((p)  (1-6) 

E#  (r2 ,  (p)  =  E$  (r2 ,  <p)  =  0;  (<p)  ( I -  7) 

Where  0j(<p)  is  the  weighted  Gegenbauer  poly  nominal  of  the  order  ~l?  which 
appropriately  considers  the  edge  effect.  The  relation  between  the  scattering  coefficients 
am  and  the  incident  coefficients  pm  in  terms  of  scattering  matrix  S  is: 

(1-8) 

With  the  scattering  matrix  S,  we  can  compute  the  scattering  field  at  any  position.  The 
resonance  of  SCCR  is  identified  by  the  peak  of  the  normalized  RCS  as  a  function  of 
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frequency,  with  the  normalized  RCS  given 


a  —  A  lim 

nr2  r-joo  \n^nc\ 


Where  (pinc  the  incident  angle  of  the  plane  wave. 


(1-9) 


Near  the  resonance  the  frequency  dependence  of  the  magnetic  polarizability  is  similar 
to  that  in  the  SRR,  corresponding  to  a  magnetic  resonance.  As  a  result,  the  magnetic 
resonance  manifests  itself  by  a  peak  of  the  RCS  as  a  function  of  the  incident  frequency. 
To  identify  the  magnetic  resonance,  we  calculate  the  magnetic  polarizability  of  a  single 
SCCR  using  the  expression: 


m  =  xH 

(I- 10) 

m  =  (vij  +  m0)jnr\ 

(1-U) 

frxjidS,  m0  =  -Jrxj0dS 

(1-12) 

where  ni  is  the  magnetization  density,  H  is  the  magnetic  field  intensity,  and  x  is  the 
magnetic  polarizability  of  a  SCCR.  j)  (j0)  is  the  surface  current  density  on  the  inner 
(outer)  surface. 

Physically,  the  SRR  has  been  modeled  as  an  L-C  circuit  system  to  exhibit  its  magnetic 
properties.  Similar  to  SRR  structures,  the  SCCR  structure  can  be  modeled  as  an  L-C 
circuit  system,  whose  capacitance  arises  from  both  the  cavity  of  the  cylindrical  shell 
and  the  slot,  whereas  the  inductance  comes  from  the  conducting  shell. 

An  approximate  expression  for  the  capacitance  of  the  SCCR  for  small  slit  width  and 
shell  thickness  is  given  by 
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c  =  +  0.2757T£i3/4(r2  -  r1)2/5C2^r  -  0O)  (1-13) 


the  inductance  of  the  SCCR  is  approximated  by  that  of  a  circular  loop,  with  a  small 
empirical  correction  taking  into  account  the  2D  characteristics  and  the  effect  of  slit  on 
the  cylinder, 

l=r['"&)-2+i]  <^4> 


Thus,  the  magnetic  resonance  frequency  is  evaluated  by 


(1-14) 


The  effect  of  the  geometrical  parameters  of  SCCRs  on  the  magnetic  resonance  have 
been  investigated.  Increasing  the  slit  width  results  in  an  increase  of  the  magnetic 
resonance  frequency  of  the  SCCR  structure.  Physically,  when  the  slit  width  is  increased, 
the  capacitance  will  decrease.  In  fact,  the  inductance  of  the  SCCR  structure  will  also 
decrease  when  the  slit  width  increases.  Decreasing  the  capacitance  and  inductance  of 
the  system  will  increase  the  resonance  frequency.  However,  the  change  of  magnetic 
resonance  with  the  metal  shell  thickness  is  no  longer  monotonic.  Instead,  there  appears 
to  be  an  optimal  value  for  the  shell  thickness  that  corresponds  to  the  lowest  resonance 
frequency.  Only  when  the  shell  thickness  is  larger  than  this  optimal  value  does 
increasing  the  shell  thickness  result  in  an  increase  of  the  magnetic  resonance  frequency 
of  the  SCCR  structure. 
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